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Combined Puncture and Cutting of Soft-Coated Fabrics by a Pointed Blade: 1 

Energy, Force, and Stress Failure Criteria 2 

3 

Abstract 4 

Soft-coated fabrics are widely used in engineering and protective applications. Puncture 5 
cutting by sharp-tipped objects is one of the most common failure modes of protective 6 

gloves made of coated fabrics. In order to investigate the puncture-cutting process of soft-7 
coated fabrics, we studied the mechanisms and mechanics of pointed-blade insertion into 8 

specimens cut out from four protective gloves. Experimental and analytical analyses 9 
showed that total energy and critical puncture-cutting force calculated analytically are both 10 
able to predict the puncture-cutting resistance of soft-coated fabrics measured 11 
experimentally. Total energy is obtained from the relationship between the puncture-12 

cutting work and the created fracture area, while critical force is given by two analytical 13 
models developed in work with soft elastomeric membranes. The components of the 14 
critical puncture-cutting force are predicted analytically and then used to calculate the 15 

compressive and shear loading stress components based on the contact surface between the 16 
pointed blade tip and material. Since there is a linear relationship between the compressive 17 

stress component and shear stress component, a modified linear strength criterion is 18 
proposed for puncture cutting of soft-coated fabrics by a pointed blade. Our stress-based 19 
criterion connects the shear strength (in the 45° direction) and biaxial strengths (in the 20 

course direction, 0°, and wale direction, 90°) to both compressive and shear loading 21 

stresses. The analytical and experimental results are consistent. This investigation can be 22 
used as a guideline to evaluate the puncture cutting of soft-coated fabrics using an energy-23 
based criterion, critical force-based criterion or stress-based criterion. 24 

Keywords: puncture cutting, soft-coated fabrics, failure, criterion, stress 25 

26 
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1. Introduction27 

Soft-coated fabrics consist of two different materials: (1) strong, tough, stiff fabrics with 28 

high elastic modulus and (2) synthetic elastomers. A good combination of two such 29 

materials has properties not available in a single material [1]. Soft-coated fabrics are widely 30 

used in protective equipment, such as protective gloves. The common architecture of 31 

protective gloves usually consists of a knitted fabric coated with a soft elastomeric material. 32 

The combination of stiff and soft materials results in very strong, very tough composite 33 

materials [2]. 34 

Workers in occupations such as metalworking, food processing and industrial papermaking 35 

commonly wear protective gloves of this kind, as they are exposed to various cut and 36 

puncture hazards. Failure of soft-coated fabric caused by an indenter or blade has not much 37 

been investigated. Some researchers have tested the puncture resistance of coated fabrics 38 

using a rounded probe [3,4] or a flat-tipped cylindrical probe [5]. Specific puncture 39 

mechanisms such as fiber stretching, breaking and delamination have been considered the 40 

main contributors to the puncture of an uncoated material by a rounded probe [6], but 41 

Hassim et al. showed that all these mechanisms become insignificant in the puncturing of 42 

coated fabrics, due to the effect of the coating layer. Furthermore, they showed that the 43 

coating layer restricts the deformation of the specimen. They observed a circular 44 

deformation on the front face of the specimen, but only a small deformation on the back 45 

face. Although there is very little information in the literature on the puncture and cutting 46 

mechanics of soft-coated fabrics, the failure mechanisms and mechanics of fabrics in 47 

general have been widely investigated [6,7]. In the quasi-static puncture of high-strength 48 

polyester yarns, the indenter experiences yarn slippage during penetration due to the 49 
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contact pressure [6], whereas the slice-push cutting of woven and knitted fabrics by a blade 50 

shows that two types of friction control the critical cutting force: a macroscopic friction on 51 

both sides of the blade and a sliding friction on the cutting edge of the blade [7]. Vu Thi et 52 

al. applied the same cutting mechanics to fabric materials and elastomeric membranes to 53 

investigate the force state. They showed that the critical cutting force is a result of the 54 

pushing force and the slice friction force exerted by the cutting edge of the blade. In this 55 

case, the critical force was related to the local effective shear strength of the interface. 56 

To our knowledge, no analytical study has considered the puncture-cutting mechanisms 57 

that occur during the insertion of an indenter into soft-coated fabrics. However, in an effort 58 

to better understand this combined pushing and shear loading, recent studies have focused 59 

on modeling the puncture and/or cutting of soft isotropic solids. The failure behavior of 60 

isotropic material has been determined in terms of critical force [8,9,10], energy [11] or 61 

stress [12,13,14]. Triki and Gauvin showed that the combined puncture and cutting of soft 62 

elastomeric membranes by a pointed blade results from a combined loading of the 63 

compressive stress component (σ) and the shear stress component (τ) at the cut edge of the 64 

material [14]. They described the relationship between σ and τ using a linear stress-based 65 

criterion to predict the failure strength corresponding to pointed-blade insertion into soft 66 

isotropic membranes (neoprene rubber) [14]. On the other hand, in the case of orthotropic 67 

materials, such as soft-coated fabrics, subjected to complex loading, many classical 68 

strength criteria, including the Yingying criterion [2], Tsai-Hill criterion [15,16], Yeh-69 

Stratton criterion [17], Hashin criterion [18] and Norris criterion [19], have been used to 70 

predict the tensile strength of materials. All these criteria are always composed of applied 71 

stresses, shear strength and tensile strength along the principal axes of the fabric structure. 72 
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Furthermore, the tearing of soft-coated fabrics was also modeled by Triki et al. [20], who 73 

proposed an energetic approach based on the Griffith theory [21]. 74 

The main objective of the work described here was to model the combined puncture cutting 75 

of soft-coated fabrics with a view to proposing a fracture criterion. We extended our 76 

analytical analysis of puncture cutting of soft isotropic materials in [14] to soft orthotropic 77 

materials, evaluating puncture-cutting resistance through force measurement and energy 78 

calculation. Uniaxial tensile tests were carried out, as well, to measure the mechanical 79 

properties of materials that could be involved during puncture-cutting tests. Then, we 80 

modeled the critical puncture-cutting force using the stress state analysis that had been 81 

developed for pointed-blade insertion into soft elastomeric materials. Finally, we came up 82 

with a stress-based criterion derived from our experimental results. 83 

2. Force state corresponding to pointed-blade insertion into soft-coated fabrics84 

In our recent paper on the puncture cutting of soft elastomeric membranes by a pointed 85 

blade [14], we analyzed the force field at the cut edge of the material (Figure 1). In that 86 

case, the force state at the cut edge is a combined loading of pushing and shear forces, and 87 

the material failure always occurs as the result of two applied forces: the pushing force 88 

component (FP) in the z-direction (ez) and the shear force component (FC) in the x-direction 89 

(ex).  90 

91 

92 

93 
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94 

Figure 1. Combined puncture-cutting test: Force state analysis and relationship between 95 

puncture and cutting force components. 96 

Furthermore, stress state analysis makes it possible to define the stresses involved in the 97 

pointed-blade insertion into the elastomeric membrane. Building on the work of Deibel et 98 

al. [9], Triki and Gauvin have shown that the stress state is governed by contact pressure 99 

(p) from the pointed blade in the normal direction of the created fracture surface [14].100 

Hence, both force components, FP and FC, have been expressed as 101 

102 

FP 

α 
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FC = µFP 

Support 
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Sample 
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103 

(1) 104 

105 

106 

(2) 107 

 108 

(3) 109 

where A is the created fracture area; uv is the vertical depth penetration and uh is the 110 

horizontal cutting length; cI, cII and cIII are fitting parameters; µ is the friction coefficient 111 

in the cutting edge; ζ is the puncture-cut ratio (ζ = tanα); L is the contact length; t is the 112 

material thickness; ν is the Poisson’s ratio; and Kc is the critical stress intensity factor that 113 

can also be given as 114 

(4) 115 

where E is the Young’s modulus and GC is the fracture toughness of the material. 116 

To estimate the pressure, p, Deibel et al. [9] found that the three stress intensity factors 117 

could be calculated as 118 

(5) 119 

(6) 120 

(7) 121 
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where KI, KII and KIII are the stress intensity factors and τyx and τyz are the shear stresses 122 

acting at the cut edge of material [14].  123 

As shown in Figure 1, the critical puncture-cutting force, FP/C, was predicted from the 124 

above force components as  125 

22

/ CPCP FFF  (8) 126 

Moreover, using an energy-based approach, Triki and Gauvin also predicted, in [14], the 127 

value of FP/C as  128 

  2/12
/

12 


tG
F Total

CP (9) 129 

where GTotal is the total puncture-cutting energy applied by a pointed blade. 130 

In order to further examine the rationale behind our two models (Eqs. (8) and (9)) and to 131 

achieve an overall understanding of the main role of the pushing and shear forces, we 132 

extended these two models to the puncture cutting of soft-coated fabrics. To this end, we 133 

performed experimental tests on soft-coated fabrics and measured the total puncture-134 

cutting energy using Poisson’s ratio and Young’s modulus as required in Eq. (3).  135 

3. Material and experimental tests136 

3.1. Material 137 

Four commercially available protective gloves made of a knitted fabric with rubber-dipped 138 

palms were used. The coating material and fabric construction are listed in Table 1. The 139 

specimens for the mechanical tests were cut out from the palms of the gloves.  140 
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Table 1. Material composition and fabric construction of protective gloves studied. 141 

Protective gloves 

Materials 

t (mm) 

Coating Liner 

 

Nitrile rubber Knitted nylon 1 

Neoprene foam rubber Knitted Kevlar® 1.3 

C: ActivArmr® 97-100 

Neoprene rubber and 

nitrile rubber 

Knitted Kevlar®, 

nylon, polyester and 

spandex 

1.1 

 

Polyurethane rubber Knitted Dyneema® 1.3 

B: 80-813 PowerFlex 

D: Superior Glove 

S13SXPU 

45° 
90° 

0° ψ 

A: HyFlex® 11-900 

https://industrialcatalogue.ansell.eu/activarmr-97-100
https://industrialcatalogue.ansell.eu/activarmr-97-100
http://www.thesafetysupplycompany.co.uk/p/9056296/ansell-80-813-powerflex-neoprene-foam-coated-glove---conforms-to-en388-2542-and-en407-41211x---pair---an-80-813.html
http://www.thesafetysupplycompany.co.uk/p/9056296/ansell-80-813-powerflex-neoprene-foam-coated-glove---conforms-to-en388-2542-and-en407-41211x---pair---an-80-813.html
https://www.amazon.ca/Superior-Glove-Works-Polyurethane-Cut-Resistant/dp/B00BHMWX5K
https://www.amazon.ca/Superior-Glove-Works-Polyurethane-Cut-Resistant/dp/B00BHMWX5K
https://www.amazon.ca/Superior-Glove-Works-Polyurethane-Cut-Resistant/dp/B00BHMWX5K
https://industrialcatalogue.ansell.eu/hyflex-11-900
https://industrialcatalogue.ansell.eu/hyflex-11-900
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3.2. Combined puncture-cutting test 142 

The materials’ puncture-cutting performance was measured by driving a pointed blade into 143 

the specimens. Each specimen was positioned on a soft neoprene rubber support (25 mm 144 

thick and 42 Shore A) coated with a silver/silver chloride layer (Ag/AgCl ink, Sigma-145 

Aldrich, U.S.A.) as a conductive substrate (Figure 2a). A pointed blade was fixed to the 146 

crosshead of a universal testing machine (ADMET Inc., Norwood, MA) equipped with a 147 

25 lb load cell. The puncture-cutting test consists in lowering the pointed blade into the 148 

specimen at a crosshead speed of 30 mm/min. Pointed blade displacement and force were 149 

recorded (Figure 2b). The conductive layer of Ag/AgCl was coupled with the blade to close 150 

an open circuit that detects the full penetration of the blade through the specimen, which 151 

occurs as soon as the blade tip comes into contact with the Ag/AgCl layer. The critical 152 

puncture-cutting force required to puncture and cut a soft-coated fabric corresponds to the 153 

force measured at the full penetration of the pointed blade. The critical force and total 154 

puncture-cutting work (UTotal) were obtained for three specimens (i.e., three replicates) of 155 

each glove material punctured by a pointed blade at various cutting-edge angles (20º ≤ α ≤ 156 

80º). The fracture surface area (A) was estimated from the inserted part of the pointed blade 157 

shape at full penetration and is given as 158 

A = t2/2tanα          (10) 159 
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160 

Figure 2. (a) Experimental setup of puncture-cutting test and (b) puncture-cutting force 161 

vs. pointed-blade displacement curve for soft-coated fabric specimen.  162 

3.3. Uniaxial tensile test 163 

Uniaxial tests were carried out to measure the material’s tensile strength and Young’s 164 

modulus. Specimens measuring 200 mm × 25 mm were cut out from the palms of 165 

protective gloves in three off-axial directions: the wale direction (ψ = 90°), course direction 166 

(ψ = 0°) and shear direction (ψ = 45°) (see Table 1). The specimens were clamped in the 167 

opposing clamping jaws of an MTS-Alliance tensile machine equipped with an automated 168 

data acquisition system (Figure 3a) and the two ends were pulled apart at a constant 169 

crosshead speed of 500 mm/min until the specimen ruptured. For each direction, three 170 

specimens were tested, and the strain-stress curve was recorded (Figure 3b).  171 
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176 

177 

Figure 3. Uniaxial tensile test: (a) Dimension of tensile test specimen and (b) typical curves 178 

of stress vs. strain obtained in three directions. 179 

3.4. Poisson’s ratio test 180 

In order to measure the Poisson’s ratio, three rectangles (ABCD, CDEF and ABEF) were 181 

selected in the 200 mm × 25 mm specimen, which was loaded at 500 mm/min in uniaxial 182 

stress (Figure 4a). Many digital photos of the loaded specimen were recorded at successive 183 

strain values. The photos were then imported into ImagJ to estimate the displacement in 184 

length (∆l) and width (∆b) of all three rectangles (Figure 4b). Extension (εi) and contraction 185 

(si) were calculated at various steps of deformation, i = 5%, 10%, 50%, 100%, etc., using 186 

Eqs. (11) and (12), respectively.  187 
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The average of the transverse strains (�̅�𝑖), corresponding to the contraction of AB, CD 190 

and EF, and axial strains ( i ), corresponding to the extension of AC, CE and AE, were 191 

used to obtain the Poisson’s ratio of the coated fabric at a deformation i as 192 

i

i
i

s


  (13) 193 

194 

195 

196 

197 

198 

199 

200 

201 

Figure 4. Uniaxial tensile test of coated fabric: (a) Undeformed specimen and b) axial 202 

displacement (∆l) and lateral displacement (∆b) of tested specimen.  203 

4. Results and discussion204 

4.1. Puncture-cutting mechanisms of soft-coated fabrics 205 

To understand the failure of soft-coated fabrics caused by a pointed blade (Figures 5a and 206 

b), it was necessary to investigate the force-pointed blade displacement curves obtained 207 

from the three replicates (Figure 5c). As loading begins, a small material deformation is 208 

enough to initiate crack nucleation, due to the blade’s acute tip and its cutting edge 209 

(Figure 5b). As shown in Figure 5c, the nucleation process required a small applied force 210 

(≤ 0.5 N). The material shows low elastic deformation resistance. Once the pointed blade 211 
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smoothly penetrates the specimen (Figures 5d and e), the applied force gradually increases 212 

until it reaches a maximum value, the critical puncture-cutting force, FP/C (Figure 5b). FP/C 213 

corresponds to the full penetration of the pointed blade into the specimen. Furthermore, 214 

during the pointed-blade insertion, the elastic deformation resistance of the material is 215 

found to increase remarkably. This trend could be associated with the friction between the 216 

pointed blade and material, which does not happen during crack nucleation. In the linear 217 

part of these curves, the measured force is therefore a result of fracture and friction 218 

mechanisms. Triki et al. found that the puncture-cutting energy of soft elastomeric 219 

membranes by a pointed blade includes a friction contribution of over 60% [22]. At the 220 

critical puncture-cutting force, the material deformation reaches a maximum value and the 221 

pointed blade penetrates all the way through the specimen. Deep penetration by the pointed 222 

blade involves a radial expansion of the material, which is highly dependent on the cutting-223 

edge angle (α) (Figures 5e and f). Insertion of a pointed blade having a small α gives rise 224 

to high radial material deformation. The curves given as an example in Figure 5c show that 225 

the pointed blade penetrates the soft-coated fabric smoothly and gradually, and that 226 

behavior of the material is uniform until full penetration by the pointed blade is achieved. 227 

It thus appears that the knitted fabric on the underside of the specimen does not contribute 228 

to the puncture-cutting process. 229 
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Figure 5. Puncture-cutting test of soft-coated fabric by pointed blade: (a) Unpunctured 230 

specimen, (b) crack nucleation step, (c) force-blade displacement curve recorded during 231 

insertion process for three replicates, and (d), (e) and (f) typical penetration steps. 232 

4.2. Energy-based approach of combined puncture and cutting test  233 

In this section, total puncture-cutting energy, GTotal, was calculated using a procedure 234 

outlined in our previous articles [11,14]. According to this procedure, GTotal is given by 235 
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where ΔUTotal is the change in the total puncture-cutting work corresponding to the change 237 

in fracture surface area, ΔA, which was measured for each α as detailed in [14].  238 

The puncture-cutting tests on the four protective gloves were carried out for various 239 

cutting-edge angles. Figure 6 displays the variation of UTotal as a function of the created 240 

surface of the puncture-cutting crack area (A) for the four protective gloves. For each glove, 241 

the puncture-cutting work appears to be linearly proportional to the fracture surface area. 242 

This linearity indicates that the proposed total puncture-cutting energy defined by Eq. (14) 243 

seems to be valid for those composite materials. GTotal is given by the slope of the regression 244 

line in Figure 6. It is important to note that the coefficient of variation in all experimental 245 

tests (puncture cutting and tensile tests) was less than 9%. 246 
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Figure 6. Variation of puncture-cutting work (UTotal) as a function of crack surface area (A) 250 

for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100 and (d) Superior 251 

Glove S13SXPU. 252 

4.3. Uniaxial and biaxial test results 253 

Uniaxial tensile tests were conducted to measure the mechanical properties of soft-coated 254 

fabrics and then predict the biaxial tensile properties that may be involved during the 255 

insertion of a pointed-blade, such as tensile strength in the wale and course directions. After 256 

that, the values of these properties were used as described in section 4.4 to predict puncture-257 

cutting behavior. 258 

The values obtained for uniaxial tensile strength (σU), shear strength (S) and Young’s 259 

modulus (E) are presented in Table 2. It can be seen in Figure 3b that E is almost the same 260 

for the three loading directions (0°, 45° and 90°).  261 

Table 2. Values of tensile and shear strengths (σU and S) and Young’s modulus (E) of 262 

four protective gloves in three off-axial directions. 263 

264 

265 

266 

267 

268 

269 

The experimental results for the four protective gloves given in Table 2 and Figure 6 reveal 270 

that there appears to be no correlation between GTotal and σU, S or E. For example, the 271 

Protective gloves 

A: 

11-900

B: 

80-813

C: 

97-100

D: 

S13SXPU 

Off-axial angle (°) σU (MPa) 

0 5.05 15.03 7.22 12.64 

90 7.5 14.87 7 23.05 

S (MPa) 

45 6.6 9.23 7.03 10.4 

E (MPa) 

0, 45 and 90 6.4 6.1 5.47 6.06 
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gloves with high GTotal did not necessarily perform well in terms of uniaxial tensile 272 

properties. Hence, the uniaxial tensile test results in the three off-axial directions cannot 273 

predict the puncture-cutting behaviors of soft-coated fabrics. However, developing a 274 

relationship between these uniaxial tensile properties may predict the behavior of material 275 

during pointed-blade insertion, as has been done in the case of woven fabric subjected to 276 

complex loading [2].  277 

Poisson’s ratio is one of the fundamental properties of all structural materials, such as soft-278 

coated fabrics. For that reason, we used it to predict the biaxial tensile properties and then 279 

puncture-cutting behaviors of soft-coated fabrics. The average values of Poisson’s ratio 280 

were obtained for the three off-axial directions (three replicates each) at various stages of 281 

specimen deformation, illustrated in Figure 7. At the beginning of the uniaxial tensile test, 282 

more axial than lateral extension of the specimen is observed, due to the hyperelastic 283 

behavior of the coating material (Figure 7). The increase in the specimen’s axial extension 284 

leads to a gradual increase in Poisson’s ratio until maximum values are reached at an 285 

extension of around 100%. At that point, the coated fabrics show maximum lateral strain: 286 

the contraction of the specimen seems stable, while its extension progresses. Consequently, 287 

the Poisson’s ratio value decreases. As shown in Figure 7, the Poisson’s ratio-strain curve 288 

shows a similar tendency in the three off-axial directions tested for all four protective 289 

gloves. The maximum Poisson’s ratio values presented in Table 3 were used as described 290 

in section 5.4 to predict the critical puncture-cutting force of soft-coated fabrics, as required 291 

in Eq. (8).   292 
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293 

294 

Figure 7. Typical curves of Poisson’s ratio vs. strain obtained in three off-axial directions, 295 

0°, 45° and 90°, for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100 296 

and (d) Superior Glove S13SXPU. 297 

Table 3. Maximum Poisson’s ratio values for four protective gloves obtained in three off-298 

axial directions. 299 

Protective gloves 

A: 

11-900

B: 

80-813

C: 

97-100

D: 

S13SXPU 

Off-axial angle (°) νmax 

0 0.68 0.84 0.42 0.57 

45 0.84 0.84 0.8 0.69 

90 0.58 0.98 0.97 1.01 

300 

The biaxial tensile strengths of soft-coated knitted fabric in the wale direction (σ1, 301 

corresponding to 90°) and course direction (σ2, corresponding to 0°) were predicted by 302 
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means of the uniaxial tensile strength using equations proposed by Ambroziak [23] for 303 

coated woven fabric: 304 

).(
1

)(
2211

2112

11
1 




 




F
(15) 305 

).(
1

)(
1122

2112

22
2 




 




F
(16) 306 

where F1 (ε1) and F2 (ε2) are respectively the wale and course longitudinal stiffnesses 307 

estimated on the basis of the uniaxial tensile test, and ν12 and ν21 are the Poisson’s ratios. 308 

Using the results of Poisson’s ratio illustrated in Table 3, Eqs. (15) and (16) allow us to 309 

plot typical strain-stress curves for those two directions (Figure 8), as detailed in [23]. The 310 

maximum values of the predicted biaxial tensile stress corresponding to the moment of a 311 

specimen’s failure are collected in Table 4. As shown in Figure 8, no similarity is observed 312 

between the uniaxial data and predicted biaxial results. The predicted biaxial results were 313 

used as described in section 5.5 to develop a new fracture criterion.   314 

315 

Figure 8. Typical predicted curves of stress vs strain of biaxial tensile test corresponding 316 

to (a) wale direction (90°) and (b) course direction (0°) obtained for PowerFlex 80-813. 317 
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Table 4. Values of biaxial tensile strength stress of four protective gloves obtained at two 318 

off-axial directions. 319 

4.4. Force-based approach  320 

In this section, we examine the two analytical models of critical puncture-cutting force, 321 

which were developed for soft elastomeric membranes and based on energetic analysis 322 

(Eq. (9)) [10] and stress analysis (Eq. (8)) [14]. In Eqs. (8) and (9), FP/C depends not only 323 

on total energy (Figure 6), Poisson’s ratio (Table 3) and Young’s modulus (Table 2), but 324 

also on fracture energy, GC, (fracture toughness) and the three fitting parameters. As 325 

mentioned in section 5.2, it is assumed that the contribution of the fabric structure during 326 

the puncture-cutting test is negligible due to the blade’s acute tip. Therefore, GC can be 327 

estimated to be about 40% of GTotal, as it is the case for soft elastomeric materials reported 328 

by Triki et al. [11]. The same values of the fitting parameters (cI = 0.055, cII = 0.55 and 329 

cIII = 0.8) estimated for puncture cutting of soft elastomeric membrane were then used for 330 

soft-coated fabrics. 331 

Figure 9 provides a graphical representation of the variation in critical puncture-cutting 332 

force as a function of cutting-edge angle, which was obtained from experimental data, and 333 

our two analytical models of the stress-based approach (Eq. (8)) and energy-based 334 

approach (Eq. (9)). Our results indicate that the two proposed models are good predictors 335 

of the puncture-cutting resistance of soft-coated fabrics by pointed blades. 336 

Protective gloves 

A: 

11-900

B: 

80-813

C: 

97-100

D: 

S13SXPU 

Off-axial angle (°) Biaxial tensile strength (MPa) 

0 6.31 22.22 8.5 16.53 

90 15.3 36.85 15.59 29.4 
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337 

338 

Figure 9. Comparison of predicted data (Eqs. (8) and (9)) and experimental data for four 339 

protective gloves, (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100, and 340 

(d) Superior Glove S13SXPU.341 

The decrease in critical puncture-cutting forces (FP/C) with cutting-edge angle (α), seen in 342 

Figure 9, can be explained by studying how FP and FC values change with α. The influence 343 

of α can be clearly seen in the force profiles shown in Figure 10. For the four protective 344 

gloves of various thicknesses, the predicted profiles of the pushing force component 345 

(Eq. (1)) and shear force component (Eq. (2)) show the same characteristic behavior with 346 

the change in the cutting-edge angle. Our results show that pushing force decreases with 347 

cutting-edge angle, while shear force increases until it reaches a maximum (when α ≈ 45°) 348 

and then decreases. Although this shear force profile was unexpected, it is consistent with 349 

experimental data obtained by slicing soft gel by a wire [13].  350 
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351 

352 

Figure 10. Typical curves of predicted pushing force (FP) and shear force (FC) as a function 353 

of cutting-edge angle for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-354 

100 and (d) Superior Glove S13SXPU.  355 

4.5. New stress-based failure criterion 356 

In this section, we propose a linear stress-based criterion for pointed-blade insertion into 357 

soft-coated fabrics using the analysis developed for soft elastomeric membranes detailed 358 

in [14]. The compressive stress (σ) and shear stress (τ) acting at the cut edge of the material 359 

were calculated from FP and FS, respectively. As they established a linear relationship 360 

between σ and τ, Triki and Gauvin proposed a linear strength criterion for insertion of 361 

pointed blades into soft elastomeric membranes [14]. The blade’s acute tip has a low 362 

coefficient of friction (μ << 1), so the effect of the fabric structure can be neglected in the 363 

puncture-cutting process. We therefore took our solution of the contact surface developed 364 
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for pointed blades and elastomeric membranes and applied it here to soft-coated fabrics. In 365 

[14], we estimated the contact surface corresponding to the pushing force components as 366 

(17) 367 

where K and m are constants to be determined, and t is the maximum deflection of the 368 

material by a pointed blade. The two parameters, K and m, were determined in the extreme 369 

puncture-cutting cases: α → 0 (τ → 0) and α → 90 (σ → 0) [14].  370 

The effective shear contact area,
shear

effA , corresponding to the shear force was estimated in 371 

[14] as372 

(18) 373 

where e is the contact width between the material and cutting edge, estimated using digital 374 

photo analysis. We applied a thin white layer of paint to the upper face of the specimen 375 

and waited for 5 to 10 minutes until the test surface was dry. After the pointed-blade had 376 

been inserted and retracted, a digital photo that included the fracture process zone was then 377 

recorded and analyzed in ImageJ in order to estimate the contact width, e (Figure 11). 378 

379 

380 

381 

Figure 11. Digital photo of punctured specimen showing fracture process zone. 382 
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After calculating the contact areas from Eq. (17) and Eq. (18) and considering the pushing 383 

force and shear force, the compressive stress (σ) and shear stress (τ) components were 384 

calculated. Figure 12 shows the variation of σ and τ as a function of α. Interestingly, when 385 

α is small, the failure of the membrane is dominated by compressive stress, while at high 386 

α values, shear stress dominates; in other words, τ becomes maximum (Figure 12a). The 387 

results illustrate that puncture cutting of soft-coated fabrics involves a pushing/shear-388 

dependent loading that indicates mixed failure modes [14]. The synergistic variation 389 

between the compressive stress component and shear stress component, at 0° < α < 90°, 390 

allows a linear relationship, σ-τ (Figure 12b).  391 

392 

Figure 12. (a) Typical curve of applied stresses vs. cutting-edge angle and (b) typical curve 393 

of relationship between compressive stress component and shear stress component for soft-394 

coated fabrics. 395 

Due to the linearity between σ and τ discussed above, the linear strength criterion used in 396 

combined loading of soft elastomeric membranes [14] and composite materials [24,25] can 397 

be adopted here. Since the behavior of soft-coated fabrics is anisotropic, the linear strength 398 

criterion, σ-τ, is modified in order to take into account the material strengths corresponding 399 
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to the wale direction (ψ = 90°), course direction (ψ = 0°) and shear direction (ψ = 45°). The 400 

new linear relationship is therefore described as 401 

1
).( 5.0


YXS


(19) 402 

where X, Y and S are the material strengths corresponding to the course, wale and shear 403 

directions, respectively. 404 

By predicting X and Y (Table 4) and measuring S (Table 2), it is possible to plot the 405 

predicted shear stress as a function of compressive stress (Figure 13). As shown in 406 

Figure 13, the proposed criterion describes well the fracture behavior generated in 407 

combined loading of compressive and shear stresses that occurs at various cutting-edge 408 

angles. 409 
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Figure 13. Comparison between experimental data and prediction data from linear strength 412 

criterion of (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100 and 413 

(d) Superior Glove S13SXPU.414 

5. Conclusions415 

Experimental and modeling investigations were conducted with a view to proposing a 416 

stress-based criterion for the puncture cutting of soft-coated fabric by a pointed blade. We 417 

focused on the mechanisms and mechanics of the puncture-cutting process. The 418 

experimental results show that the process of inserting a pointed blade into a soft-coated 419 

fabric involves the material’s stiffness and toughness, as well as the friction between 420 

pointed blade and material. However, due to its structural design, the fabric support on the 421 

back of the specimen does not make any contribution during the insertion process. We also 422 

found that the puncture-cutting process generates a high local material deformation, which 423 

involves the mechanical properties in the three off-axial directions: wale, course and shear. 424 

Thus, modeling of the stress field in pointed-blade insertion into soft-coated fabrics should 425 

take into account those properties, and particularly biaxial tensile strength. For that reason, 426 

uniaxial tensile strength, Poisson’s ratio, Young’s modulus and material deformation were 427 

measured to predict the biaxial strengths in the course and wale directions. Two analytical 428 

models of energy and critical force corresponding to puncture cutting of soft elastomeric 429 

membranes were used successfully to develop a new stress-based criterion for puncture-430 

cutting resistance of soft-coated fabrics. In the analytical model, the critical force (FP/C) is 431 

generated by two force components: pushing and shear. From these two forces, the 432 

compressive stress component (σ) and shear stress component (τ) are calculated using 433 

analytical and experimental results involving the contact surface between the material and 434 
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the pointed blade. Because there is a linear relationship between σ and τ, a modified linear 435 

strength criterion was derived from the stress criterion that had been developed for soft 436 

elastomeric materials. The predicted and experimental values were consistent, suggesting 437 

that puncture-cut resistance of protective materials can be evaluated by measuring the 438 

stresses. The results also showed that the biaxial strengths, which involve the deformation 439 

and rigidity of the material, have an important effect on the puncture-cutting process. 440 
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